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THESIS SUMMARY
Sonification is the process of creating sound or music from data for investigative or
aesthetic purposes. Data sonification has been used in multiple fields to provide an additional
layer of analysis to datasets, engage general audiences in a scientific topic, or create an evocative
musical piece. Sonification has been extended to biological subjects, including macromolecules
such as protein and DNA. Epigenetics, the processes by which gene expression is regulated, is a
burgeoning field of molecular biology research. Epigenetic processes have been scarcely
sonified, and the process of sonifying DNA base methylation has never been published. DNA
methylation is an integral component of gene expression regulation in response to environmental
factors, and is partially heritable; methylation research might provide significant clues to the
origin of certain diseases. Data sonification has the potential to facilitate detection of methylation
patterns in future studies. The goal of this project was to identify the optimal method of
sonifying DNA methylation data, retaining a balance of scientific significance and musical
interest.
Max/MSP computer music software was used to translate datasets accessed from the
Gene Expression Omnibus database. Multiple types of data and methods of sonification were
explored before determining the most useful model. This model incorporates and utilizes data to
shape notes generated by frequency modulation sound synthesis. Each methylation site becomes
a sustained note and the tone quality of the note fluctuates based on the amount of methylation in
each sample. This method allows the listener to compare methylation levels across samples with
the potential for identifying regions of differential methylation. Future directions of this project
include formally testing model efficacy, improving program accessibility for researchers, and
exploring the potential for musical enhancement.

3

INTRODUCTION
Data sonification is a tool used to present complex information in a format that facilitates
analysis; it is the process of converting numerical or categorical data into sound. Just as a graph,
chart, or diagram would present data in a useful visual format, sonification transforms data into
an auditory display. The resulting sound allows for a different perception of the data that may
reveal a new pattern or abnormality that went unnoticed in other presentation formats.
Interdisciplinary investigations in various fields of study, including biology, have
incorporated sonification. Applications of sonification in this field include the adaptation of
electrocardiogram data into biomusic to study the nuances of heartbeats, the amplification of
“white noise” produced by cells in an attempt to develop a non-invasive method of detecting
cancerous tissue, and music composed to evoke the slow, deliberate life cycle of plants for
viewers of a plant biology exhibit (1–3). Some researches even created interactive medical data
sonification, in which a user can navigate through a database to select specific sections to listen
to, or in which data can be sonified as it is collected (4). Molecular biology in particular presents
a rich set of concepts and processes to sonify. With the significant improvement in lab
technology, obtaining new DNA sequences has become faster and cheaper than ever, leading to
large datasets of protein and DNA sequences. With thorough analysis, these datasets could
clarify or illuminate characteristics of our molecular building blocks. Previous studies have
developed multiple methods for sonifying DNA and protein sequences and investigated the
applications of this tool (5–7).
Epigenetics the study of how gene expression is regulated, is an area of molecular
biology that has become increasingly important to our understanding of human development and
pathology. Epigenetic processes have been linked to physiological adaptation to stress and other
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environmental factors. Studies have shown that stressful life events can leave a lasting imprint on
the epigenetic pattern of an individual (8–15). Some research studies suggest that these changes
to the epigenome are an underlying mechanism of the development of post-traumatic stress
disorder, and may also increase the risk of bipolar disorder (16–18). Epigenetic modifications
can be reversible, but they can also be permanent and pervasive enough to be passed on to
offspring; significant events in a person’s life can create a lasting impact on that person’s
children (19–21). Researchers studying condensed and expanded regions of DNA have already
begun to explore epigenetic sonification. They mapped the various levels of DNA expansion to
chords and determined that music generated from this data has detectable patterns (22).
The process of DNA methylation has not yet been sonified. A methyl group, a small
chemical compound containing one carbon and three hydrogen atoms, can be substituted onto
cytosine bases in the genetic sequence, as shown in Figure 1 (23). When enough methyl groups
are added to the promoter region of a
gene, the molecular machinery that
normally assembles to express that
gene is blocked, and the gene
becomes silent. This process is
shown in Figure 2 (24). This is a
normal process that occurs during

Figure 1: Depiction of a methylated cytosine base

early development to guide
embryonic stem cells toward specialized cells with unique structure and characteristics.
Methylation is also one of the processes that occurs throughout life as the body responds to
outside stimuli, and is one of the epigenetic factors contributing to the lasting effects of stressful
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events (9–11,17,25,26). Data sonification might be a useful tool for this burgeoning field because
methylation sequencing often involves large datasets and cross-subject analysis to identify
similarities and differences in methylation patterns and associate these differences with subject
characteristics. Sonification of methylation datasets might help researchers identify areas of
unique DNA
methylation and
connect these areas to
the physiological and
psychological effects
of stress.
Figure 2: A model of methylation effects on gene expression

PROJECT GOALS
The objective of this project was to take raw data from a research study investigating
DNA methylation and transform the data into music to serve musical, educational, and scientific
goals. One purpose of this project was to create a unique piece of data-driven music with the
potential for novel sounds that may provide inspiration or contemplation to the listener. Another
purpose was to create a learning tool that can accompany epigenetics lessons, specifically those
explaining DNA methylation. The primary goal, however, was to initiate the development of a
research tool that could be used to facilitate data analysis in future methylation studies. This
project was designed to explore multiple methods of data sonification and to analyze which
method best communicated patterns and abnormalities in the data over time or between data
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categories. Future studies in this area could adopt the most effective sonification strategy and
develop a standardized method for researchers to sonify and analyze their data.
METHODS
Data Accession
DNA methylation studies were discovered and raw data files were accessed using the
National Center for Biotechnology Information’s Gene Expression Omnibus search engine.
Search terms were entered in the GEO DataSets engine, then study ID numbers were entered in
the GEO Accession Viewer to access the supplementary data. Data was downloaded and
converted into an Excel spreadsheet for visualization and management. Common variables
included methylated and unmethylated signal intensities and methylated and unmethylated
counts. Methylation signal intensities were divided by unmethylated signal intensities to
calculate a ratio for use in sonification. Methylated and unmethylated counts were totaled and
methylated counts were divided by total counts to calculate a percentage. Datasets were then
converted into tab-delimited text files for processing by music software.
Two different datasets were used in this project. One was from a study (GSE106379)
investigating the influences of genetics and life experience on DNA methylation patterns by
cross-breeding mouse strains (27). The other dataset was from a study (GSE94734) determining
the correlation of early life adversity in humans and alterations in DNA methylation (28). Both
research teams performed whole-genome bisulfite sequencing to measure DNA methylation.
Sonification
Max/MSP 7 was used to convert the data into sound. A patch was developed to split the
columns from the data file into separate objects and to establish a read-through functionality that
will process each row of the file at a specified tempo. The rest of the patch used Max/MSP
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functions to assign the numerical data to parameters that dictate pitch, timbre, amplitude, or other
elements of sound.
SONIFICATION MODELS
While searching for datasets that would be suitable for this project, I noticed that there
was no standard format for raw data from bisulfite sequencing. Many datasets were organized
according to possible methylation sites, each site with an ID number. The type of data used in
each dataset, however, varied. Most studies reported “methylated signal intensity” and
“unmethylated signal intensity” but each study chose to include different statistical measures in
addition to these values. One dataset, used in this project, reported methylated and unmethylated
“counts.” Because the nature of the reported data varies among researchers, I decided to perform
multiple sonification methods to determine how best to present methylation data.
Methylation Ratios
For the dataset from Bush et al. (28), a ratio was calculated within Excel from signal
meth

intensities (unmeth). Percentages were calculated from the counts in the Grimm et al. (27)
datasets. Ratios and percentages were used as parameters in frequency modulation (FM)
synthesis. Frequency modulation,
visualized in Figure 3 (29) includes
a carrier frequency, which
generates a sine wave that
determines the pitch of the note.
This sine wave is then modified
with a second frequency to rapidly

Figure 3: Frequency modulation synthesis

produce overtones that color the
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pitch and provide a specific timbre. It is possible to synthesize an infinite number of unique
sounds with this method, depending on the ratio of the modulating frequency to the carrier
frequency, known as the harmonicity ratio. A harmonicity ratio close to a whole number will
generate fuller organ- or voice-like sounds, whereas ratios in between whole numbers will
produce unpredictable sounds. The amplitude of the modulating frequency, called the
modulation index, determines the prominence of the tone, and can be altered over the duration of
a note to provide shape and depth. Ratios from the datasets were used as inputs for FM synthesis,
after being scaled to fit the standard range of values for each of the parameters.
In an initial version of this model, the harmonicity ratios were determined by the

meth
unmeth

ratios from the data. Each sample column produced an individual sound, each sound had the
same carrier frequency and therefore the same pitch, but the methylation ratio became the
harmonicity ratio for the sound produced by each column. Ratios from the dataset ranged from 0
to about 30, and were scaled to a range of 1 to 10 to fit normal harmonicity ratio values.
Columns were sonified simultaneously so that each beat of the music contained the sounds of
multiple data samples. The goal was to hear differences in timbre across samples at each
methylation site, but this proved difficult when samples could not be heard individually.
In a later version of this model, the samples were each given a beat to be heard
individually, instead of playing multiple sounds in one beat. One row of the dataset became one
long note, with a constant carrier frequency and harmonicity ratio throughout. The samples
shaped the tone of the note by changing the modulation index throughout the note’s duration.
Ratios from the dataset were scaled to a range of 0 to 1, then strung together to create an input
function for FM synthesis. The modulation index would start at 0 at the attack of the note, then
ramp up to 0.5, then transition to the value from column 1, then column 2, etc., before returning
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to 0 at the release of the note. This way the amount of methylation in each sample at the same
site could be heard side-by-side.
Methylation Counts
The dataset from Grimm et al. (27) presented methylation at each site as methylation
counts, not a signal intensity. These numbers are positive integers within a 0-88 range, which
means they can be mapped to MIDI values. MIDI is a standardized numerical notation system
that allows computer software and synthesizers to generate and communicate musical
information. This sonification scheme does not involve sound synthesis methods but rather
relies on pre-set computer music software settings to produce specified pitches based on the
number provided at each site by each sample. An interactive function allows the user to select
the desired instrumentation. Multiple samples are audible at the same time so the listener hears
chords representing the range of methylation levels across samples at each site in the genome.

DISCUSSION
Model Efficacy
The final sonification model based on methylation ratios or percentages provided clear
comparison of methylation levels across different samples at a given site. Because each sample
was heard individually, its sound could be effectively interpreted and compared to the
surrounding sounds from other samples. Each methylation site became a single note in the music,
providing continuity and a frame of reference: each new note was a new methylation site. Any
changes to the tone throughout the course of that note were due to differences in methylation
levels between samples at that site. The carrier frequency (the pitch) was changed every ten
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iterations to make the music more interesting and to provide an auditory cue as the program
moves through the dataset.
This model provided scientifically relevant sound. At unmethylated sites, the ratio or
percentage from the dataset was close to 0, resulting in a modulation index near 0 and a simple,
pure tone. High methylation values resulted in modulation indices near 1, which produce strong
overtones that catch the listener’s attention. This makes intuitive sense to the listener, who might
be expecting a more noticeable
sound for data points where there
is more methylation activity. The
changes in tone also allow the
listener to identify large
discrepancies in the data. Shifts
between modulation index values
Figure 4: Graphical representation of the shape of the
tone color over the duration of one note. Values at
seconds 2-5 are methylation percentages from four
different samples at one methylation site, based on the
dataset from Grimm et al. (27)

are significantly audible, and can
direct the listener to further
examine that point in the data.
The flexibility of this model

allows it to be applied to many different studies and datasets. Carrier frequencies and
harmonicity ratios can be altered according to the listener’s preferences. Lengths of notes and
intervals between samples can be adjusted to either speed up the sonification and process large
datasets quickly or slow down and identify nuances of a particular section of data. Any number
of samples can be audible throughout the notes, and raw values from the dataset can be scaled to
fit the expected values of FM synthesis parameters. One shortcoming of this model is that the
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small scale of the modulation index (0 to 1) will mask differences in raw data if the range of data
is large. A solution for this is to convert the data to a logarithmic function before scaling; this
function can be executed in the software and therefore is a relatively simple adjustment. The
researchers should be careful to use a function that still allows relevant differences in the data to
be audible.
Alternative Approaches
The original model for this project involved sequence-based data instead of numerical
data. The goal was to find the bisulfite-converted DNA reads from a methylation study and
convert those reads into a nucleotide sequence with notation indicating which specific bases
were methylated. This ideally would have been coupled with gene expression data from the same
samples to describe how many copies of each gene were produced. When combined these two
inputs would create a model of methylation patterns in the DNA and how those patterns affect
gene expression. The music would consist of a running melody where each nucleotide would be
represented by a note, the presence of a methyl group would be denoted by a percussive hit, and
gene expression would be indicated by the presence of chords on top of the melody. This model
would provide the listener with an integrated representation of DNA methylation and gene
expression and might be able to determine how changes in methylation effect changes in
transcription.
There were a couple problems with this model. The biggest hurdle was data accession.
Raw sequence reads from bisulfite conversion are not commonly distributed as supplementary
data. Most research studies deal with compiled data from multiple sequencing repetitions.
Methylation patterns can vary from cell to cell, so experiments are conducted with whole tissue
extraction and sequencing of multiple DNA molecules. The reads are then analyzed and
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converted into statistical values indicating the probability of methylation at a particular site.
While raw sequences from studies are available, they are more difficult to access and lack
scientific significance. In addition to this issue, downloading and processing reads requires
proficiency in the Linux operating system and the implementation of software with the ability to
align downloaded sequences to a reference genome to produce the desired output file.
Accomplishing these tasks was time-consuming and required large amounts of troubleshooting
and therefore would not be a convenient option for any researcher hoping to analyze raw data. A
more viable procedure would be to utilize existing resources for processing and analyzing
bisulfite conversion data and to sonify the resulting numerical information.
When investigating the transformation of said numerical data into music, an initial
approach was to sonify multiple samples simultaneously, as described in the sonification models
section. This would theoretically allow the listener to compare multiple samples side-by-side and
identify differences in the sounds during each beat. This could then inform the researcher at
which sites the samples diverge in methylation status. Unfortunately when multiple samples are
sonified in a single beat, the sounds blend together and obscure any differences. The optimal
model therefore features each sample of interest sonified at individual time points, with a
common element unifying the data points across all the samples at the same methylation site.
This is accomplished in the final model described for datasets with ratios or percentages.
Future Directions
With an optimal model for the sonification of DNA methylation established, the next step
would be to test its scientific significance and enhance its musicality. The primary goal of this
project is to develop a tool to assist researchers in analyzing data and detecting patterns in DNA
methylation. The model must be verified by sonifying multiple datasets, at different points in the
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genome, with varying numbers and categories of samples. Listeners of varying academic
backgrounds should listen for patterns in the music without prior knowledge of the data, and
their inferences from the auditory model should be cross-referenced with statistically-determined
patterns. If listeners are able to accurately identify similarly methylated regions and differentially
methylated regions, the model might have a role in future research.
The auditory model could be compared to data visualization methods. A potential study
could include multiple subject groups; one group would review visual data, another group would
review data through the sonification model, and a third group would review both data
representations. The study moderator could present both formats to reviewers, then remove
visual data, or remove audible data. Analysis would indicate similarities and differences among
the groups’ abilities to clearly and accurately detect patterns in data. Max/MSP software can
generate graphs to supplement the auditory component if visual displays enhance the listener’s
comprehension and analysis.
Once the model has been verified as a useful research tool, the process of sonification
must be streamlined. A software program should be developed to easily allow researchers to
convert their data into a format useful for sonification and to input that processed data into the
frequency synthesis program. This would involve identifying a standard data format and tailoring
a script, likely in a programming language such as Python, to be operable by those with little
experience with or no access to Max/MSP software. Alternatively a polished Max/MSP patch
can be exported for use without a software license. This exported patcher cannot be edited but
would retain all other functionality.
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Experimental Music
Another future direction would be to layer additional melodic and percussive tracks and
incorporate nuances into the current model to transition from scientific significance to
musicality. This is an auxiliary goal of this project, but pursuing the enhancement of musical
character of DNA methylation sonification may provide an intriguing contribution to the
computer music genre.
The model based on methylation counts did not have use as a research tool but instead
served as a study in experimental music. This model utilized data points to generate chords via
MIDI notation. The data-driven harmonies were unpredictable and highly varied, creating a
unique piece of music. Changes in the imported dataset and the instrumentation choice would
alter the listener’s experience, allowing for an experimental method of investigating musical
possibilities from methylation data.
This model can be further developed as an artistic showcase by altering the method by
which methylation count data is translated into musical properties. The current model feeds data
directly into a MIDI pitch input, but future models might use data to determine the duration,
amplitude, voice (or instrumentation), pitch bend, or other characteristics of the notes. Columns
could be played simultaneously or in sequence, or different columns could influence the same
note by providing values for different characteristics of that note. Adding multiple layers
(percussion tracks, chords, melodies, etc.) will increase the complexity of the piece and may
enhance musicality.
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APPENDIX A: DATA SETS

Example of ratio-based methylation data, calculated from dataset from Bush et al. (28)

Example of methylation count data, obtained from Grimm et al. (27)
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APPENDIX B: MAX/MSP PATCHES

Patch using FM synthesis to sonify ratio-based dataset from Bush et al. (28)

Patch using FM synthesis to sonify percentage-based dataset calculated from Grimm et al. (27)
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Patch using MIDI values to sonify methylation count data from Grimm et al. (27)
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